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Abstract: We show that in a large volume scenario of type IIB string or F-theory
compactifications, single thermal inflation provides only a partial solution to the
cosmological problem of the light volume modulus. We then clarify the conditions
for double thermal inflation, being a simple extension of the usual single thermal
inflation scenario, to solve the cosmological moduli problem in the case of relatively
light moduli masses. Using a specific example, we demonstrate that double thermal
inflation can be realized in large volume scenario in a natural manner, and the
problem of the light volume modulus can be solved for the whole relevant mass
range. We also find that right amount of baryon asymmetry and dark matter can be
obtained via a late-time Affleck-Dine mechanism and the decays of the visible sector
NLSP to flatino LSP.
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1 Introduction
One of the most attractive features of low energy supersymmetry (SUSY) is the
unification of gauge couplings at the scale MGUT ∼ 1016GeV. The GUT scale is
two orders of magnitude smaller than the Planck scale, and this hierarchy may be
understood within a higher dimensional setup of string theory, in which gravity lives
in a relatively large bulk spacetime, while GUT degrees of freedom are confined on
branes [1]. Such scenario then requires a moduli stabilization scheme which would
stabilize the overall volume modulus at a large value in string unit.
An attractive scheme realizing large compactification volume is the large volume
scenario (LVS) of [2], proposed in the context of type IIB string theory. This scheme
involves two Ka¨hler moduli, Tb and Ts, where τb = Re(Tb) corresponds to a 4-cycle
volume modulus determining the bulk Calabi-Yau volume as V ≃ τ 3/2b , and τs =
Re(Ts) describes a small 4-cycle volume supporting a nonperturbative superpotential
of the form Wnp ∼ e−aTs . The interplay between Wnp and a perturbative correction
to the Ka¨hler potential suppressed by 1/τ
3/2
b determines the VEV of τb as
τ
3/2
b ∼ eaτs , (1.1)
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which can be exponentially large for a moderately large value of aτs. In LVS, the
hierarchy between the Planck scale and the GUT scale is given by [3]
MGUT/MP ∼ 1/τ 1/2b , (1.2)
so τb = O(104) results in the correct hierarchy between the GUT scale and the Planck
scale.
The large VEV of the volume modulus implies that its scalar potential is rela-
tively flat (at least near the minimum), so the volume modulus is relatively light.
Specficially, the mass of the large volume modulus in LVS is given by
mτb ∼
1√
aτs
m3/2
τ
3/4
b
∼ m3/2√
ln(MP/m3/2)
(
MGUT
MP
)3/2
(1.3)
which would be in the range of cosmological care unless the gravitino mass m3/2 is
heavy enough to ensure mτb & 100 TeV. Cosmologically, huge amount of moduli can
be produced in the form of a coherent oscillation after primordial inflation, so in
general light moduli cause disasters due to their too late decays. Depending on their
life-times, they could destruct light elements formed at BBN, produce too much X
(γ)-rays, distort CMBR or provide too much relic density [4, 5]. One way out of
this cosmological moduli problem is raising-up of the moduli masses, so that moduli
can decay before BBN. For this, the volume modulus should be heavier than about
100TeV as usual moduli should. For τb = O(104), such heavy volume modulus would
require m3/2 & 10
9 GeV, and therefore a careful sequestering of gravity mediated
SUSY breaking if one wishes to realize low energy SUSY in the visible sector with
soft SUSY breaking masses msoft ∼ 1 TeV [6].
On the other hand, considering various possible higher order corrections, either
in α′ or in the string coupling, it is likely to be difficult to realize a sequestering
which would allow msoft/m3/2 ∼ 10−6 [7–9]. In case that an enough sequestering is
not achieved, the large volume modulus becomes relatively light, and then the most
compelling solution to the cosmological moduli problem is a late thermal inflation
[10]. As primordial inflation does, thermal inflation can wipe out pre-existing parti-
cles, for example, moduli. However it works in a limited sense, since energy density
of thermal inflation itself becomes a source of moduli reproduction. Depending on
the mass of moduli, such a reproduction could be fatal, and the large volume scenario
could be in cosmological trouble.
In this paper, we study the cosmological moduli problem of LVS for the gravitino
mass range
102 GeV . m3/2 . 10
9 GeV, (1.4)
which corresponds to the volume modulus mass range
10−2GeV . mτb . 10
5GeV (1.5)
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for τb = O(104). We show that, if inflaton decays before the large volume modulus
starts to oscillate, single thermal inflation can solve the problem only for a limited
range of mτb . Particularly, the volume modulus mass range mτb = O(10−2− 1)GeV,
which would be the case if gravity mediated SUSY breaking is not sequestered well,
is difficult to be cosmologically viable with single thermal inflation only. On the
other hand, if inflaton decays just before thermal inflation begins, the abundance of
moduli can be minimized, so the whole range of mτb can be viable with a single-step
thermal inflation. However, such a very late decay of inflaton is not typical, so we
consider a double-step thermal inflation as an alternative solution, and show that
the problem can be solved in a natural manner. It turns out that correct amounts of
baryon asymmetry and dark matter can be obtained also via a late-time Affleck-Dine
leptogenesis [11–15] and the decay of the visible sector NLSP to flatino LSP.
This paper is organized as follows. In section 2, we briefly review LVS and the
properties of moduli. In section 3, cosmological moduli problem in LVS is discussed.
In section 4, it is argued that single thermal inflation is not enough to solve the
cosmological moduli problem for certain range of the volume modulus mass. We then
clarify the conditions for a double-step thermal inflation to be realized, while solving
the cosmological moduli problem for the entire modulus mass range in consideration.
In section 5, considering a specific model for the mediation of SUSY breaking, which
involves D-term mediation associated with anomalous U(1) gauge symmetry and
also the conventional gauge mediation, we demonstrate that a double-step thermal
inflation can be realized in a natural manner and solve the cosmological problem of
the light volume modulus. We also show that the model can produce correct amounts
of baryon asymmetry and dark matter too. Section 6 is the conclusion.
2 Large volume scenario and properties of moduli
In this section, we review briefly the large volume compactification and properties of
moduli involved.
The basic properties of LVS models can be viewed from a simple model in 4D
supergravity (SUGRA) framework. The model is characterized by the following
Ka¨hler potential and superpotential [2]
K = −3 ln τb + 2(τ
3/2
s − ξα′)
τ
3/2
b
+O
(
1
τ 3b
)
W = W0 + Ase
−aTs (2.1)
where τI = Re(TI) (I = b, s) are the Ka¨hler moduli determining the size of the
Calabi-Yau (CY) volume as V = τ 3/2b − τ 3/2s , and K is expanded in powers of 1/τb.
The ξ-term is the stringy α′ correction and given by ξα′ = ζ(3)χ(M)/
[
2g
3/2
s (2π)
3
]
with χ(M) and gs being the Euler number of the CY manifold and string coupling,
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respectively. W0 is the tree-level flux superpotential from the stabilization of the
dilaton and complex structure moduli. As, the flux dependent constant, can be
taken to be real value by shift transformation of Ts: Ts → Ts + iα. Then, one finds
that the SUGRA scalar potential at large volume limit is given by
V =
2
√
2
3
(aAs)
2 τ
1/2
s e−2aτs
τ
3/2
b
−
(
2aAsW
∗
0 τse
−aTs
τ 3b
+ h.c.
)
+
3ξα′
2
|W0|2
τ
9/2
b
(2.2)
This potential has a SUSY-breaking AdS minimum at
τ
3/2
b ≃
(3√2|W0|
aA
)√
τse
aτs , τ 3/2s ≃ ξα′ (2.3)
Since it is known that possible uplift process to get dS vacuum does not change the
vacuum properties related to our argument, we do not care about that in this paper.
The masses of the moduli are given by
mφs ≃ mas ≃ mψs ∼ m3/2 ln
MP
m3/2
,
mφb ∼
m3/2
τ
3/4
b
√
1
ln(MP/m3/2)
, mab ≃ 0, mψb = m3/2, (2.4)
where MP = 2.4× 1018GeV is the reduced Planck scale,
φs ≃MPτ 3/4s /〈τ 3/4b 〉, as ≃MPIm(Ts)/〈τ 1/4s τ 3/4b 〉,
φb ≃MP ln τb, ab ≃ MPIm(Tb)/〈τb〉 (2.5)
are the canonically normalized scalar fields of Ts and Tb, respectively, ψs and ψb are
their fermionic superpartners, m3/2 = e
K/2|W | ≃ |W0|/τ 3/2b is the gravitino mass.
A generic feature of moduli masses in LVS is that the mass of the large volume
modulus is suppressed by a power of 1/τb compared to m3/2, reflecting the fact that
the no-scale structure of the scalar potential is approximately preserved in the large
volume limit. The enhancement or suppression factor, the power of ln(MP/m3/2), in
the mass spectrum (2.4) is a consequence of the non-perturbative corrections which
have a crucial role in moduli stabilization.
In order to know the real values of the moduli masses, we have to specify the
vacuum value of τb and the gravitino mass. In the context of local GUT models, for
universal tree-level gauge kinetic functions fa, the running gauge coupling constants
are unified at scale MGUT ∼ MP/τ 1/2b [3, 17]. Therefore, the hierarchy between the
GUT and Planck scales can be naturally obtained for τb ∼ 103 − 105 as
τ
1/2
b ∼
MGUT
MP
∼ 102. (2.6)
The gravitino mass is an order parameter of SUSY breaking, and its value is related
with soft SUSY breaking masses for the visible sector, msoft = O(1 TeV), by SUSY
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breaking mediation mechanism. In the mixed D-term-gauge mediation which will
be discussed in our paper, msoft is just of the order of m3/2. In other mediation
mechanism, such as small volume modulus mediation (msoft ∼ m3/2/8π2) [2] whose
mass hierarchy is similar to that of [16] as a general result for the SUSY breaking
moduli stabilized by non-perturbative superpotential, and U(1)A threshold correc-
tions (msoft ∼ m3/2/
√
8π2) [9] in which the soft mass squared is generated at one-loop
order due to the SUSY breaking mass spectrum of the U(1)A vector superfield, there
can be hierarchy between m3/2 and soft terms. On the other hand, as discussed in [6],
if the visible sector is far from the small 4-cycle governing by τs, and the possible loop
corrections are quite suppressed, then tree-level gravity mediation induces the soft
parameters much suppressed compared to the gravitino mass as msoft ∼ m3/2/τ 3/2b .
∗ Thus, here we allow the gravitino mass in the range of
102GeV . m3/2 . 10
6TeV, (2.7)
that gives
1TeV . mφs . 10
7TeV , (2.8)
10MeV . mφb . 10
2TeV. (2.9)
The life-time of a modulus is determined by interactions with its superpartners
and ordinary matter fields localized in small cycles. In the latter case, most important
parts are the Ka¨hler metric and the gauge kinetic function for the visible sector
Kvis = ZiΦ
∗
iΦi + · · · ,
fa = kaTv + · · · . (2.10)
where Φis are the matter chiral superfields, Tv is the Ka¨hler modulus determining
the visible sector 4-cycle volume, and (· · · ) denotes higher order terms. Tv can not
be identified as Tb, if not, it provides too small gauge coupling constants. This is the
phenomenological reason why the matter fields should be localized in a small cycle.
In this case, the functional form of the Ka¨her metric is given by Zi ≃ Yj(τs, τv)/τb.
Then, it is straightforward to calculate the coefficients of the following interaction
terms between the large volume modulus and the visible sector fields:
δφb
MP
{
βaF
aµνF aµν + c˜im
2
ϕi
|ϕi|2 + (c˜ijbϕijϕiϕj + h.c.)
+
(
caMaλ
aλa + cimψiψiψ
c
i + h.c.
)}
. (2.11)
∗In this type of model, the typical sfermion mass mϕi is of order of mφb ∼ m3/2/τ3/4b , while the
gaugino massMa is of O(m3/2/τ3/2b ). In order for mϕi to be the same order ofMa, we need further
sequestering as e−K/3Zi ∼ 1 +O(1/τ3b ), where Zi is the matter Ka¨hler metric, or m2ϕi is given by
(∂V/∂φb)/MP +O(m23/2/τ3b ) so that 〈m2ϕi〉 = O(m23/2/τ3b ).
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The visible-sector gauge field strength is denoted by F aµν , λa is the superpartner of
the gauge field, the gaugino. ϕi and ψi are the scalar and fermion component of Φi,
respectively. m2ϕi and bϕij are quadratic mass parameters for sfermions coming from
SUSY breaking and supersymmetric contributions, respectively. Ma is the gaugino
mass, mψi is the fermion mass for ψi + ψ
c
i . The model dependent coefficients are
generically
βa = O
( 1
8π2
)
, c˜i ∼ 1 or
m2φb
m2ϕi
, c˜ij ∼ 1 or
m2φb
bϕij
, ca ∼ ci ∼ 1. (2.12)
Let us briefly discuss the origin of each terms. At a tree-level, the interactions
between φb and gauge fields are rather suppressed, because fa in Eq. (2.10) does
not have Tb dependence. However, due to the Konishi and the super-Weyl anomaly,
three point interactions are generated at the one-loop level [17]. Thus βa is generically
O(1/8π2). c˜i, c˜ij and ca are mostly originated from the soft SUSY breaking mass
terms that depend on φb as msoft ∼ MP/τnbb ∼ MP exp(−nbφb/MP), where nb is the
constant determined by SUSY breaking and its mediation mechanism, so generically
they are of order unity. In some cases, there are terms like (∂V/∂φb)/MP in m
2
ϕi
and bϕij , which are vanishing by equations of motion so that the contribution to the
soft masses are zero. However, the interation between the modulus and the scalar
fields are extracted as (∂2V/∂2φb) δφb |ϕi|2/MP ∼ m2φbδφb|ϕi|2/MP. As a result, c˜i,
and c˜ij can be enhanced by a factor of m
2
φb
/m2soft for mφb ≫ msoft.† ci depends on
the origin of the fermion mass term. Through the Higgs bilinear µ-parameter and
soft masses, the Higgs can interact with φb. Due to the non-zero vacuum value of
the Higgs fields, there is a mixing between the Higgs and φb in the mass eigenbasis.
Then, the SM fermions can interact with φb through the modulus-Higgs mixing.
Higgsinos can directly interact with φb via µHuHd term in the superpotential or
from the Ka¨hler potential by Giudice-Masiero mechanism [18]. In addition, the large
volume modulus can decay to axion ab, the complex counter part of the modulus,
with a sizable branching fraction via kinetic term.
All those interactions are suppressed by Planck scale with additional suppression
factors depending on channels. The decay rates of φb to daughter particles are given
by
Γφb→2ab ≃
1
48π
m3φb
M2P
,
Γφb→2Aaµ
Γφb→2ab
≃ (8π
2βa)
2
(8π2)2
,
Γφb→ϕiϕ∗i
Γφb→2ab
≃ c˜2i
(m2ϕi
m2φb
)2
,
Γφb→ϕiϕj
Γφb→2ab
≃ c˜2ij
( bϕij
m2φb
)2
,
Γφb→2λa
Γφb→2ab
≃ c2a
(M2a
m2φb
)
,
Γφb→ψiψci
Γφb→2ab
≃ c2i
(m2ψi
m2φb
)
, (2.13)
† It can be shown that we can take a field basis such that derivative interactions between φb
and (ϕi, ψi) are absent. Then, all interactions are obtained from the potential terms. This basis is
good in the sense that we do not need to care about cancelations between the interactions obtained
from the kinetic part and potential part.
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provided the decay channels are kinematically allowed. Note that decays to matter
fields is at most comparable to the axion channel though it depends on models. Note
also that the branching fraction of the large volume modulus to photons is suppressed
by O(10−4) relative to that of axion channel.
On the other hand, the strength of interactions between the small volume mod-
ulus and the matter fields is much more enhanced compared to that for the large
volume modulus. Because, as in Eq. (2.5), δτs ∼ δφs/Mst. withMst ≃MP/τ 3/4b being
the string scale in large volume scenario, the suppression scale of the interaction
between φs and matters is not Planck scale, but string scale [19]. As a result, in case
that Tv and Ts have a sizable mixing at the tree-level, the small volume modulus
mostly decays to the gauge boson pair as
Γφs ≃ Γas ≃
γs→AaµAaµ
64π
m3φs
M2st
, (2.14)
where γs→AaµAaµ is a numerical coefficient of O(10) taking the number of allowed
channels into account.
3 Cosmological moduli problem in LVS
The abundance of a modulus is highly constrained, depending on its life-time. The
small volume modulus decays dominantly to SM particles well before BBN epoch,
hence it is harmless as long as right amounts of baryon number asymmetry and dark
matter can be obtained. In case of the large volume modulus, the life-time can be
written as
τφb = 0.6 sec Brφb→abab
(
100TeV
mφb
)3
(3.1)
where Brφb→abab is the branching fraction to large volume axions and always sizable
for all mass range of φb. For mφb . 100TeV, the large volume modulus decays
around or after BBN epoch. In this case, as listed below, there are various constraints
depending on the life-time, τφb .
• τφb . 0.1 sec: The relic abundance is restricted by the effective number of the
extra relativistic degrees of freedom, ∆Neff , to which the primordial abundance
of 4He, D is highly sensitive. Contribution from moduli decay is
∆Neff =
ρab
ρν
=
1− Br(φb → SM)
Br(φb → SM)× gν/g∗(Td,φb)
(3.2)
where gν = 7/4 and g∗(Td,φb) are the relativistic degrees of freedom of a left-
handed neutrino and standard model particles (including neutrinos), respec-
tively. The observed value, ∆Neff < 1 (1σ) from BBN [20] and ∆Neff =
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0.85+0.39−0.56 (1σ) from BBN+CMB+LSS [21], poses a constraint, BrSM & 0.9.
Such a sizable branching fraction can be achieved if c˜i (c˜ij) ∼ m2φb/m2soft [22].
Otherwise, for c˜i(c˜ij) ∼ 1, BrSM ≪ 1, and moduli should be a sub-dominant
energy component of the universe when they decay. Actually, the constraint
from the extra radiation contribution to the SM radiation is applicable for the
moduli decaying in a present Hubble time though gν has to be replaced to
gν × (4/11)4/3 for τφb & 1 sec. However, the constraint is weaker than others
described below.
• 0.1 sec . τφb . 1012 sec: The direct interaction between decay products of φb
and the background light elements causes significant changes in the abundances
of light elements from the predictions by standard BBN [23]. If τφb & 10
6 sec,
it also affects the CMB spectrum as a deviation from the Planck distribution
[24]. The corresponding constraint is, however, rather milder than that from
the abundance of 3He/D.
• 1012 sec . τφb . 1024 sec: In this case, moduli decay after the recombination
era. The most stringent constraint is coming from the diffused X(γ)-ray [5, 25].
For the life-time longer than the age of the universe (τφb & 10
17 sec), X(γ)-ray
produced in the galactic center should be also considered.
• τφb & 1024 sec: In this case, the only constraint is from the present dark matter
relic density, ΩDMh
2 ≃ 0.11 [26].
All these constraints are shown in Fig. 1 where we see that, for 10MeV . mφb .
100TeV, the abundance of the light modulus is constrained to be less than
Ωφbh
2 . O(10−8 − 10−2) (3.3)
that corresponds to
nφb
s
. O(10−16 − 10−10) (3.4)
where nφb and s are the number density of the light modulus and entropy density,
respectively.
The cosmological moduli problem is that the typically expected moduli abun-
dance is much larger than the upper bounds shown in Fig. 1. In the very early
universe, when the expansion rate becomes comparable to the mass of a modulus,
the modulus is expected to be produced enormously in the form of coherent oscil-
lation caused by vacuum misalignment. In case of the small volume modulus, the
initial oscillation amplitude is expected to be string scale, and the modulus never
dominates the universe until it decays well before BBN. Hence it is harmless. On the
other hand, the large volume modulus has Planckian initial oscillation amplitude ‡ ,
and dominates the universe right after it starts to oscillate or at least when it decays.
‡The initial misalignment of φb might be typically super-Planckian. For such a large field value,
the potential is of an exponential form. Then, in the universe dominated by radiation it will be
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Figure 1. Constraints on Ωφbh
2 before φb decays are presented for a wide range of
the modulus mass. Allowed region is below the lines obtained from the present dark
matter density (blue), diffuse X(γ)-ray (red), CMB distortion (green), and light elements
abundance (dark brown and brown). From the conservative point of view, we assume
c˜HuHd = O(m2φb/b), so that the branching ratio for φb → SM is sizable in the mass range
of mφb > 2mHiggs.
We assume that the expansion rate during the primordial inflation is much larger
than the mass of the small modulus. The light modulus starts to oscillate when
H ∼ mφb . Denoted as Y ≡ nφb/s, the late-time abundance of the light modulus is
given by
YBB,0 =
3
4
×


[
pi2
30
g∗(T∗)
]−1/4 (
MP
mφb
)1/2
for ΓI & mφb
TR
mφb
for ΓI < mφb
(3.5)
quickly attracted to near its vacuum position [27]. Once ∆φb . MP with respect to the vacuum
position, the potential can be approximated as a quadratic form, and the modulus oscillates with
an amplitude of order Planck scale and behaves like a matter. Therefore, we can simply assume
that the initial misalignment of the light modulus is of order Planck scale when it starts to oscillate
in a radiation dominated universe.
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where TR is the reheating temperature of inflaton and defined as
TR ≡
[
π2
90g∗(TR)
]−1
(ΓIMP)
1/2 (3.6)
with ΓI being its decay rate, and we assumed that the energy density of the modulus
is equal to that of inflaton for ΓI . mφb . If ΓI & mφb , the late-time entropy release
in the decay of heavy moduli, φs, can dilute the abundance of the light modulus by
a factor
∆s ≃
(γs→AµAµ
64π
)−1(mφb
mφs
)5/8(
Mst
MP
)5/2(
MP
mφb
)
(3.7)
at most. Hence the late-time abundance of the light modulus after the decay of the
small volume modulus is
YBB = YBB,0
1
∆
≃ 0.1γs→AµAµ
( mφb
1GeV
)1/2
(3.8)
where we used τb ≃ 104 and ln(MP/m3/2) ≃ 4π2. If ΓI < mφb , we find
YBB & 10
−3
(
TR
1MeV
)(
1GeV
mφb
)
(3.9)
since the reheating temperature of inflation should be larger than about 1MeV for
successful BBN. As shown in Eqs. (3.8) and (3.9), irrespective of the reheating tem-
perature of inflation, the abundance of the large volume modulus is too much to
match the observational constraints, Eq. (3.4). Hence, the light modulus causes a
disaster in a consistent cosmology unless its abundance is somehow diluted enough.
4 Thermal inflation
The most compelling solution to the cosmological moduli problem is thermal inflation
[10]. In this section, we show that single thermal inflation is only a partial solution
to the moduli problem in LVS for the mass scale of moduli(Eq. (2.9)), though it
depends on the reheating temperature of the primordial inflation. We then consider
a double thermal inflation as a complete solution to the problem, and clarify how it
works.
4.1 A single thermal inflation
The flaton field, denoted as X , controlling thermal inflation has a zero-temperature
potential,
V (X) = V0 −m2X |X|2 + · · · (4.1)
– 10 –
where (· · · ) represent possible higher order term(s) to stabilize X .§ Then, denoting
the VEV of X as X0 and requiring vanishing cosmological constant at true vacuum,
one finds
V0 ∼ m2XX20 (4.2)
ΓX =
1
8π
γX
m3X
X20
, Td ≡
(
π2
90
g∗(Td)
)−1/4
(ΓXMP)
1/2 (4.3)
where mX is the physical mass of the flaton, ΓX is the decay rate of X , γX is a factor
determined by the coupling of X to SM particles and not a function of X0, and Td
is the decay temperature of X , which is assumed to be dominated by SM particles
to re-estabilish radiation background for a successful BBN. Thermal inflation takes
place when V0 dominates the energy density of the universe while the background
temperature is still larger than the critical temperature Tc ∼ mX at which X is
destabilized from the origin and ends thermal inflation.
The epoch of flaton domination follows thermal inflation, and the eventual decay
of flaton reheats the universe, releasing huge amount of entropy. As the result, moduli
are diluted by a factor
∆ ≃ g∗S(Td)
g∗S(Tc)
[
π2
30
g∗(Td)
]−1
V0
T 3c Td
(4.4)
However there is some amount of moduli reproduction in the following way. During
thermal inflation, the moduli potential is of the form
V (φb) =
1
2
m2φbφb
2 +
cbφb
MP
V0 + . . . (4.5)
=
1
2
m2φb
(
φb +
cbV0
m2φbMP
)2
+ . . . (4.6)
where cb is assumed as a constant of order unity (cb = 1/3 has been used throughout
this paper). Hence moduli is shifted by the amount of
δφb ∼ cbV0
m2φbMP
(4.7)
and reproduced after thermal inflation with the amount of
YTI,0 =
1
2
(
2π2
45
g∗s(Tc)
)−1
mφbδφ
2
b
T 3c
(4.8)
§ In the LVS, it is difficult to obtain such a flaton field (X) at low energy in the closed string
moduli sector [28]. Instead, X is considered as a open string mode along with the SM matter fields.
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Therefore, the late-time abundance of moduli is the sum of Eqs. (3.5) and (4.8), that
is ¶
Ytot = [YBB,0 + YTI,0]
1
∆
(4.9)
In the right-hand side of the above equation, the first and second terms as functions
of X0 provide decreasing and increasing contributions, respectively. Hence the total
moduli abundance can have a minimum at X0 = X
min
0 . Depending on the decay rate
of inflaton, it is minimized as follows.
ΓI & mφb: The abundance of moduli is minimized at X
min
0 satisfying
YTI,0 = 3YBB,0 (4.10)
with the minimum abundance,
Y mintot = 4YBB,0
1
∆
. (4.11)
Since YBB ∝ m−1/2φb and Xmin0 ∝ m
5/8
φb
, we see that the minimum abundance of the
light moduli increases as mφb decreases.
ΓI < mφb: In this case, thermal inflation can take place if T > Tc when the energy
density of inflaton is comparable to V0. Then, as long as the energy density of inflaton
is subdominant at its decay (i.e., ΓX < ΓI), YBB,0 is minimized for TR ∼ V 1/40 . That
is,
YBB,0 &
V
1/4
0
mφb
(4.12)
Then, taking the minimum value of Eq. (4.12), we find
5 YBB,0 = 2 YTI,0 (4.13)
at X0 = X
min
0 with
Y mintot &
7
2
YBB,0
1
∆
. (4.14)
The abundance of moduli increases as mφb decreases in this case too.
In Eqs. (4.11) and (4.14), one crucial factor affecting the abundance of moduli
is the decay rate which depends on the coupling of X to SM particles. For an
intermediate scale X0, there are two leading possibilities.
• µ-term coupling:
W ⊃ λµ
nMn−1
XnHuHd (4.15)
¶When thermal inflation begins, the contribution of the small volume modulus to entropy is
negligible.
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The energy density of the flaton X soon after thermal inflation is nearly equally
distributed to the radial and axial modes. If there is a symmetry under which
X is charge, and the symmetry is broken only spontaneously, then only the
radial mode is relevant in our argument (though the axial mode is likely to be
the axion for strong-CP problem of QCD). The decay rate of |X| in this case
is
Γ|X| ∼ 3
4π
|µ|4
mXX20
(4.16)
It gives too high decay temperature to solve the problem of the light moduli.
If X is stabilized by higher order term(s), for example, a self-coupling, then
radial and axial modes have masses similar to each other. For mX ∼ maX .
msoft with maX being the mass of axial component of X , the axial mode decays
later than radial mode. The decay rate is given by
Γa ≃
∑
i
Nc,i
8π
m3aX
X20
( |Bµ|2
m4A
)(
m2di tan
2 β
m2aX
)(
1− 4m
2
di
m2aX
)3/2
(4.17)
where Nc,i is the color factor for a particle i, B is the soft parameter of the
Higgs bilinear term, mA the mass of the CP-odd Higgs and mdi is the mass of
a particle coupled to down-type Higgs.
• Hadronic coupling:
W ⊃ λXΨΨ¯ (4.18)
where Ψ and Ψ¯ are assumed SM charged fields. The effective coupling of the
radial and axial modes of X to SM sector is
λeff ∼ g
2
16π2
1
X0
(4.19)
where g is the gauge coupling of Ψ and Ψ¯. If there is a global symmetry
under which X is charged, there will be very light Goldstone boson to which
|X| decays dominantly. This is dangerous because BBN requires a universe
dominated by SM-like radiation. Therefore, global symmetries should be badly
broken. In this case, radial and axial mode have mass scales similar to each
other, and the decay rate is given by
Γ =
1
8π
NΨ
(
g2
16π2
)2
m3X
X20
(4.20)
where NΨ is the number of the pairs of Ψ + Ψ¯. The perturbativity of gauge
coupling restricts NΨ to be less than about 8 if Ψ (Ψ¯) is a fundamental repre-
sentation of SU(5) [29].
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Figure 2. Top: ΓI & mφb . Bottom: ΓI = V
1/2
0 /
√
3MP maximizing dilution effect from in-
flation. Left: a fixed flaton mass, mX = 5GeV. Right: a fixed flaton VEV, X0 = 10
11GeV.
The light blue colored region is excluded by observations, and the moduli relic abundance
Ωφbh
2 after a single thermal inflation was depicted as various (dotted, dashed, solid) lines
depending on the choice of parameter set. Dark red and blue lines are respectively the
case of γX = 1 and γX = 1/8π
2 in Eq. (4.2). Solid lines correspond to the case of minimal
decay temperature Td = 5MeV. Dotted lines of the left panels correspond to the minimum
abundances of φb given by Eq. (4.11) and (4.14), respectively.
Using Eqs. (4.17) and (4.20), we show the effect of single thermal inflation on the
moduli problem in Fig. 2. In the figure, the red and blue lines corresponds to flaton
decay via µ-term and hadronic interactions, respectively. The solid lines are for
specific choices of parameters shown in the figure, while dashed lines are for minimum
abundances of moduli obtained by using Xmin0 for given sets of mass parameters. It is
clear that the case of hadronic interaction is more efficient in solving moduli problem.
Such an efficiency is due to the low decay temperature originated from the smallness
– 14 –
of γX . In the upper panels of the figure, where we assumed ΓI & mφb , we notice
that if mX & 100GeV only mφb & 1GeV can be viable whereas, for mX . 5GeV,
mφb . 10
−2 can also be saved. Saving mφb = O(10−2 − 1)GeV is possible only if Td
is pushed down to a few MeV. Note that for such a low decay temperature of flaton
there may be no way to generate right amount of baryon number asymmetry though
dark matter may be obtained from axions with a large coupling constant. However,
as shown in the lower panel, if ΓI is close to V
1/2
0 /
√
3MP for which inflaton decay
has maximal effect on the abundance of moduli, single thermal inflation can solve
the moduli problem for the whole range of mφb much easily. In addition, there may
be a room for baryogenesis, such as late-time Affleck-Dine leptogenesis.
Consequently, we notice that if ΓI ∼ V 1/20 /
√
3MP the moduli problem of the
light moduli in LVS can be solved by a single thermal inflation for the whole relevant
mass range. However such a possibility is the most optimistic case and might not be
realized in nature. Hence, generically, a single thermal inflation can solve the moduli
problem of the light moduli in LVS only partially. Particularly, the mass scale of
moduli associated with TeV scale gravitino mass is not viable in general.
4.2 Double thermal inflation
In this section, as a minimal extension of a single thermal inflation to solve the
moduli problem completely, we consider a double-stage thermal inflation and clarify
how it works. Here, we assume ΓI & mφb for simplicity
‖.
Compared to a single-stage thermal inflation, the existence of the second stage
of thermal inflation is useful for diluting moduli produced before the second thermal
inflation. Hence, as long as we can manage for the second thermal inflation not to
reproduce too much moduli, the double thermal inflation would be able to solve the
cosmological problem of the light moduli. Since the extra dilution we need from
the second thermal inflation may not be very big, a bit high reheating temperature
after the second thermal inflaiton might be possible, and this may open a room for
late-time Affleck-Dine mechanism to work.
Let us denote the two flat directions which trigger the end of each thermal
inflation as X1 and X2, and the potential energy of flatons as
V (X1, X2) =
{
V1 for 〈X1〉 = 〈X2〉 = 0
V2 for 〈X1〉 = X1,0, 〈X2〉 = 0 (4.21)
where 〈. . . 〉 is the vacuum expectation value (VEV) and X1,0 is the VEV of X1 at
zero temperature true vacuum. We assume
V1 ≫ V2 (4.22)
‖In the case of ΓI < mφb , the minimal abundance of moduli is given in the same way as the case
of the single thermal inflation.
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Then, V1 and V2 may drive the first and second thermal inflation, respectively. In
order to have such an order of thermal inflation, we require
Tc,1 > Tc,2 (4.23)
where Tc,i is the critical temperature when Xi is destabilized from the origin. If
this condition is not satisfied, X2 would be destabilized at or before the end of the
first thermal inflation and the second thermal inflation will not take place. Since
Tc,i ∼ mXi for order unity coupling to thermal bath with mXi being the tachyonic
curvature of the zero temperature potential along Xi around the origin, Eq. (4.23)
implies
mX1 > mX2 (4.24)
In addition to the condition Eq. (4.23), the background temperature when the second
thermal inflation begins should be larger than Tc,2, otherwise X2 would be destabi-
lized before V2 starts to dominate and the second thermal inflation would not take
place. Hence another condition for the second thermal inflation is
T (t2) > Tc,2 (4.25)
where T (t2) is the temperature of the radiation which couples to X2 at the epoch
when the second thermal inflation begins. The radiation density after the first ther-
mal inflation is given by
ρr = ρr,bg +∆ρr (4.26)
where ρr,bg is the background radiation and ∆ρr is the radiation contribution from
the partial decay of X1. Soon after the end of the first thermal inflation, one finds
∆ρr ≃ 2
5
ΓX1→SM
H
ρ1 (4.27)
where ΓX1→SM is the partial decay width ofX1 to SM particles which couple efficiently
to X2 directly or indirectly, and ΓX1→SM ≪ H was assumed. This should dominate
over ρr,bg at least before the time t2. Therefore, we find
ρr(t2) ∼ ΓX1→SM
H2
V2 = Br(X1 → SM)
(
π2
30
g∗(Td,1)
)1/2
T 2d,1V
1/2
2 (4.28)
where Td,1 is defined as
π2
30
g∗(Td,1)T
4
d,1 = 3Γ
2
1M
2
P (4.29)
with Γ1 being the total decay rate of X1. Hence Eq. (4.25) is translated to
ΓX1→SM >
1√
3
π2
30
g∗(T (t2))
T 4c,2
V
1/2
2 MP
(4.30)
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For intermediate scale VEVs of X1 and X2, and mX1 & mX2 ∼ Tc,2, this condition is
easily satisfied. Therefore, double thermal inflation can be realized easily.
The number of e-foldings is given by
Ne,tot = ln
(
T (t1)
Tc,1
)
+
4
3
ln
(
T (t2)
Tc,2
)
(4.31)
where T (t1) is the temperature when the first thermal inflation begins, and the
first/second term in the right-hand side is the contribution of the first/second thermal
inflation. The dilution factors due to entropy release of both stages of thermal
inflation are given by
∆1 ≃ g∗s(T (t2))
g∗s(Tc,1)
T (t2)
3
T 3c,1
(
a(t2)
ac,1
)3
≃ C1Br(X1 → XX)3/4
T
3/2
d,1
T 3c,1
V1
V
5/8
2
(4.32)
∆2 ≃ C2 V2
T 3c,2Td,2
(4.33)
where
C1 ≡ g∗s(T (t2))
g∗s(Tc,1)
(
π2
30
g∗(T (t2))
)−3/4(
π2
30
g∗(Td,1)
)3/8
(4.34)
C2 ≡ g∗S(Td,2)
g∗S(Tc,2)
[
π2
30
g∗(Td,2)
]−1
(4.35)
The late-time total abundance of moduli is
Ytot =
[
(YBB,0 + YTI1,0)
1
∆1
+ YTI2,0
]
1
∆2
(4.36)
where YBB,0 is given by Eq. (3.5), and
YTIi =
1
2
(
2π2
45
g∗s(Tc)
)−1
c2bV
2
i
T 3c,im
3
φb
M2P
(4.37)
with i = 1, 2. It is minimized at Xmin1,0 , X
min
2,0 satisfying
YTI1,0 =
1
7
YBB,0 , YTI2,0 =
2
∆1
YBB,0 (4.38)
with the minimum abundance given by
Y mintot =
22
7
YBB,0
∆1∆2
. (4.39)
If the decay temperature of the second thermal inflation is high enough, there is a
chance for the late-time Affleck-Dine leptogenesis to provide a right amount of baryon
number asymmetry. In order for the mechanism to work, the flaton which triggers
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the end of the last thermal inflation should trigger the mechanism too, otherwise it
is difficult to obtain a dynamics triggering the mechanism. This implies that Affleck-
Dine field should be in a symmetry-breaking phase when the last thermal inflation
ends, that is
Tc,AD > Tc,2 (4.40)
and X2 should be able to lift up the AD field. We may also have a good dark matter
candidate, for example the fermion superpartner of X2, although QCD-axion might
be still a good candidate.
As a brief summary of this section, a double thermal inflation is possible if
following inequalities are satisfied.
V1 ≫ V2 , Tc,1 > Tc,2 , T (t2) > Tc,2 (4.41)
5 A model
We now consider a concrete example which can realize a double thermal inflation.
Our model is characterized by the following superpotential.
W = WMSSM +
λµ
M∗
Z2HuHd +
1
2
λν
Mν
(LHu)
2 +
λZ
4M∗
Z4 +
1
2
λSZS
2
+ λΨXΨΨ¯ + λΦY ΦΦ¯ +
κ
3M∗
X3Y (5.1)
where WMSSM is the MSSM superpotential without µ-term, Ψ (Ψ¯) and Φ (Φ¯) are
SM charged matter fields, X , Y , Z and S are gauge-singlets under the SM gauge
groups. An anomalous global U(1)PQ symmetry is introduced to provide a flaton
field (X) responsible for the first thermal inflation and solve the strong CP problem
[30] simultaneously. Z is introduced to trigger the second thermal inflation. It
reproduces the Higgs bilinear µ-term by its intermediate scale VEV. We impose an
appropriate discrete Z4 symmetry as in Table 1. The coupling of the seesaw operator
is constrained so that the mass of left-handed neutrino is given by
mν =
λνv
2
u
Mν
(5.2)
where vu is the VEV of up-type neutral Higgs field. All λis are assumed to be of
order unity with M∗ ∼MGUT.
Since Z has a non-zero vacuum value, domain walls due to the spontaneously
broken discrete Z4 symmetry appears and becomes problematic if they are stable.
However the symmetry might not be exact due to either anomaly or higher order
symmetry-breaking terms originated from gravitational violation of global symme-
try. Hence the walls are unstable unless the Z4 is a discrete gauge symmetry without
anomaly. Collapsing walls produces a gravitational wave background, whose energy
density is constrained by observations. For an intermediate scale VEV of Z, obser-
vational constraints requires a symmetry-breaking stronger than anomaly [31].
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Table 1. charges under the U(1)PQ and discrete Z4 symmetry
Field HuHd LHu ΨΨ¯ ΦΦ¯ X Y Z S
2
U(1)PQ 0 0 1 −3 −1 3 0 0
Z4 2 2 0 0 0 0 1 3
5.1 Potential of singlet scalars and gauge mediation
We assume that S couples somehow to SM-charged non-SM field(s) so that it is never
destabilized. Ignoring the VEV of Higgs fields, the potential of the singlets is given
by
V = V0 + VPQ(X, Y ) + VZ(Z) (5.3)
where V0 is for present vanishing cosmological constant, and VPQ and VZ are the scalar
potential of the canonically normalized PQ breaking fields and Z field, respectively.
We find
VPQ = m
2
X |X|2 +m2Y |Y |2 +
(
Aκκ
3MGUT
X3Y + h.c
)
+
|κ|2
M2GUT
|X|6 + |κ|
2
M2GUT
|X|4|Y |2 (5.4)
VZ = m
2
Z |Z|2 +
(
AZλZ
4MGUT
Z4 + c.c.
)
+
|λZ|2
M2GUT
|Z|6 (5.5)
where MGUT is the apparent GUT scale for the visible sector in LVS. Soft SUSY
breaking terms (m2X,Y,Z , Aκ, and AZ) are quiet model dependent. We consider a
natural set-up realized in string theory [32], where the visible sector volume modulus
is stabilized by D-term potential from the pseudo anomalous U(1)A gauge symmetry.
In this case, the U(1)PQ can be a part of U(1)A and the corresponding SUSY breaking
D-term (DA) is obtained as of the order of gravitino mass [8]. Then, D-term mediated
soft scalar masses are proportional to the U(1)A charge as m
2
ϕi
= qAi DA, where q
A
i
is the same as the charge under the U(1)PQ, A-parameters and gaugino masses are
generically suppressed with respect to DA, so that |Aκ|, |AZ| ≪ |mX |, |mY |. In this
set-up, U(1)A charges are imposed as m
2
Y = −3m2X > 0. We then find
|X| ≃
(√
3|mX |MGUT
|κ|
)1/2
,
∣∣∣∣YX
∣∣∣∣ ≃ 16√3
∣∣∣∣ AκmX
∣∣∣∣ , (5.6)
and also the SUSY breaking auxiliary components of X and Y are∣∣∣∣FXX
∣∣∣∣ ≃ 16 |Aκ|,
∣∣∣∣F YY
∣∣∣∣ ≃ 6
∣∣∣∣m2XAκ
∣∣∣∣ . (5.7)
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Here a particulary interesting feature is that F Y /Y is enhanced by mX/Aκ in the
limit |Aκ| ≪ |mX |. In LVS with U(1)A, we have
|mX | ≃
√
DA = O
(
8π2Aκ
)
, (5.8)
for which
1
8π2
F Y
Y
∼ 6
√
DA = O(m3/2). (5.9)
The presence of the superpotential tem
W ⊃ λΦY ΦΦ¯ (5.10)
allows a gauge mediation of the SUSY breaking by F Y . If there are NΦ flavors of
Φ + Φ¯ which form the 5 + 5¯ of SU(5), the gauge threshold contributions just below
the messenger scale Mmess = |λΦY | to the soft parameters are given by
∆m2ϕi = 2NΦTr(T
2
a (Φi))
∣∣∣∣ g2a16π2 F
Y
Y
∣∣∣∣
2
, Ma = −NΦ
(
g2a
16π2
F Y
Y
)
. (5.11)
Then the set-up gives
vPQ ∼ |X| ∼
(
3
√
DAMGUT
κ
)1/2
, Mmess ∼ |λΦY | ∼ λΦAκ
6
√
3DA
vPQ, (5.12)
and the soft scalar masses are
mϕi(MM) ∼
m3/2
2aτs
, mϕi(D) ∼
√
DA, mϕi(GM) ∼
6
√
DA
8π2Aκ
√
DA, (5.13)
where MM = moduli mediation mainly due to Ts dependence of Zi in Eq. (2.10), and
of the order of m3/2/2aτs = m3/2/8π
2 [2], D = D-term contribution induced by the
U(1)A [8], GM = gauge mediation (5.11). Since Aκ ∼
√
DA/8π
2 and all dimensionless
parameters are of order unity, the above results give the following qualitative pattern
of mass scales:
vPQ ∼
√
msoftMGUT,
Mmess ∼ vPQ
16π2
,
msoft(D) ∼ msoft(GM) ∼ 8π2msoft(MM) ∼ m3/2. (5.14)
We then have enough parameters to make gauge mediation dominates soft terms and
all squarks and sleptons have positive masses squared. Since Z and S are neutral
under the U(1)A, in this case, the dominant contribution to the soft mass-squared of
Z and S in LVS is from modulus mediation. Hence at UV input scale, we expect
mZ ∼ mS ∼ msoft(MM) ∼ mX
8π2
(5.15)
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At low energy scale, if λS = O(1), RG-running of the soft mass-squared of Z becomes
strong. As the result, potential around the origin along Z direction can have tachy-
onic instability, and Z develops intermediate scale VEV which reproduce µ-term
∗∗.
Since the gravitino mass m3/2 is around soft mass scale in the visible sector, the
large volume modulus mass will be around
mφb ∼ 0.01GeV− 1GeV . (5.16)
Thus, the one-step thermal inflation is not enough in this region. However, we noticed
that singlet scalars in the model Eq. (5.1) can have a natural hierarchy in their soft
mass-squared so that
mX ≫ mZ , X0 ≫ Z0 (5.17)
and hence
Tc,X ≫ Tc,Z , VX,0 ≫ VZ,0 (5.18)
where VZ,0 ≡ |VZ(Z0)| and VX,0 ≡ V0 − VZ,0. Therefore, a double-stage thermal
inflation can be realized. Additionally, a late-time Affleck-Dine leptogenesis may
have a chance to work. LHu flat direction is also neutral under U(1)A, so it does not
have tree-level D-term mass associated with the U(1)A
††. However, the presence
of gauge mediation effect from FY provides LHu a soft scale mass-squared which is
expected to RG-run to a negative value at low energy scale. Around electroweak
scale, the absolute value of the mass-squared is typically larger than that of the
singlet Z, and note that gauge mediation effect on LHu takes place only after X is
destabilized. Therefore, we expect the following order of destabilization.
Tc,X > Tc,LHu > Tc,Z (5.19)
LHu is eventually lifted up and stabilized around the origin as Z develops interme-
diate scale VEV reproducing µ-term. This is a perfect circumstance to realize the
late-time Affleck-Dine leptogenesis [11–15].
In the following subsections we will describe how the cosmological problem of the
light modulus can be solved or ameliorated by the double thermal inflation appearing
in the model Eq. (5.1). We also check if right amounts of baryon asymmetry and
dark matter can be obtained for the parameter set solving moduli problem.
∗∗ S could also have a similar instability while Z is held around the origin. However, the RG-
running of m2S caused by the λS interaction term is slower than that of m
2
Z , so Z can develop large
VEV, providing large mass to S, while S is still at around the origin. As the result, S can not be
destabilized.
†† There is a dominant negative 1-loop contribution [9] which drives the soft mass-squared of
LHu be positive around the electroweak scale. If this is all, LHu flat direction would be stable
around the origin even without µ-term contribution.
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5.2 Dilution of moduli by double thermal inflation
In our model (Eq. (5.1)), all the directions including X , Y , Z and LHu flat directions,
but except moduli, are expected to be held around origin at high temperature after
primordial inflation. The first thermal inflation begins when ρφb ∼ V0 ∼ VX,0 at a
temperature
T1 ∼ ρ1/4φb,0
(
HX
mφb
)2/3
∼ ρ−1/12φb,0 V
1/3
X,0 (5.20)
with HX ≡ V 1/2X,0 /
(√
3MP
)
, and ends when temperature drops to Tc,X and X is
destabilized from the origin. Subsequently, LHu flat direction is destabilized. Both
of X and LHu condensations contribute to the radiation density by their partial
decays. The second thermal inflation can occur if the background temperature is
higher than Tc,Z when H ∼ HZ ≡ V 1/2Z,0 /
(√
3MP
)
. The radiation energy density of
standard model particles at the time is
ρr ≃ ∆ρr,LHu +∆ρr,X
≃
√
3Br(X → SM)ΓXMPV 1/2Z,0
[
1 +
ΓLHu→SM
ΓX→SM
ρr,LHu(tc,1)
ρr,X(tc,1)
]
=
√
3Br(X → SM)ΓXMPV 1/2Z,0
[
1 +
8 γLHu
Br(X → SM)
(
mLHu
mX
)5]
(5.21)
where ΓX = ΓX→SM + ΓX→aa is the total decay rate of X with
ΓX→SM =
1
8π
γX
(αs
4π
)2 m3X
X20
(5.22)
ΓX→aa =
1
64π
m3X
X20
, (5.23)
and γX = O(1), and
ΓLHu→SM =
1
8π
γLHu
m3LHu
|ℓ0|2 (5.24)
with γLHu = O(1) and mLHu ∼ msoft/
√
8π2 being the effective mass for the LHu
directional field at |ℓ0|, which is originated from the fact that LHu is stabilized by
radiative effect rather than tree-level seesaw operator. In the last line of Eq. (5.21)
we used
ρr,LHu(tc,1) ∼ m2LHu |ℓ0|2 (5.25)
ρr,X(tc,1) ∼ m2XX20 (5.26)
For intermediate scale of X0 and Z0 with mX ∼ (8π2)mZ and mZ ∼ Tc,Z , one
finds ρr ≫ T 4c,Z , hence the second thermal inflation can take place. Note that the
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contribution from LHu flat direction to radiation after the first thermal inflation is
larger than that from X for rather mild hierarchy between mLHu and mX , so the
additional dilution from LHu decay can be obtained with a factor
∆LHu ≡
(
∆ρr,LHu(tc,2)
∆ρr,X(tc,2)
)3/4
=
[
8γLHu
Br(X → SM)
(
mLHu
mX
)5]3/4
(5.27)
Soon after the second thermal inflation, the energy density of the universe is
nearly equally distributed to the radial and axial components of Z. Hence eventual
reheating temperature is determined by the one which decays later than the other.
For mZ = O(10)GeV, axial component decays later with a rate given by Eq. (4.17)
with maX replaced to maZ (the mass of axial component of Z). Combined with the
effect of the partial decay of X , the significant amount of entropy release in this
decay provide a huge dilution to moduli.
In Fig. 3, we show the late-time total abundance of moduli after double thermal
inflation. We use mX = 400GeV, mZ = maZ = 5GeV ∼ mX/ (8π2) and Tc,i = mi
reflecting the constraints from baryon number and dark matter density studied in
next subsection. The figure shows that the whole range of mφb can be cosmologically
viable. Therefore, a double-stage thermal inflation provides a complete solution to
the cosmological moduli problem of the light volume modulus in LVS.
For the parameters we have used in Fig. 3, we found Ne,tot ∼ 17. Although
such an amount of additional e-foldings does not touch CMB scale, some of inflation
model is incompatible with this [33].
5.3 Baryogenesis
In our model, LHu flat-direction is destabilized after the end of the first thermal
inflation, but before the second thermal inflation. This make the late-time Affleck-
Dine leptogenesis work as Z is destabilized and reproduces µ-term [12].
Including the dilution due to entropy release in the eventual decay of Z, the
resulting baryon asymmetry at present is estimated as [12]
nB
s
∼ nB
nZ
TZ
mZ
∼ nL
nAD
nAD
nZ
TZ
mZ
∼ nL
nAD
mLHu
mZ
( |l0|
Z0
)2
TZ
mZ
(5.28)
where nZ , nL and nAD are number densities of |Z|, lepton asymmetry and AD field,
respectively, mLHu is the mass scale of LHu, and |ℓ0| is the field-value of LHu when
it is lifted up as Z reaches its VEV. For a small CP -violating phase, δ ≪ 1, the
conserved lepton asymmetry can be expressed as
nL = α δ mθ|ℓ0|2 (5.29)
where α ∼ 0.1 is the efficiency factor of conserving the generated asymmetry [13, 14],
and mθ is the mass of the angular mode of the LHu direction when it is lifted up
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mZ = 5 GeV, Z0 = 2  109 GeV
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Figure 3. The total abundance of moduli at decay under the double-stage of thermal
inflation realized in the model, Eq. (5.1), with constraints given by Fig. 1. Parameters
used are tan β = 10, msoft = 1TeV, B = 0.5msoft, µ = mA = msoft, mX = 400GeV,
mZ = maZ = 5GeV, Tc,X = mX , Tc,Z = mZ , X0 = 3 × 1010GeV and Z0 = 2 × 109GeV.
They are taken to provide correct relic densites of baryon and dark matter (Fig. 4).
and starts to roll in. We find
m2θ ∼ µ
λ2L|l0|2
λNZ0
∼ mνµ
v2 sin2 β
|ℓ0|2 ≃ 3GeV2
( mν
0.1 eV
)( µ
1TeV
) ∣∣∣∣ ℓ0106GeV
∣∣∣∣
2
(5.30)
where mν is the mass of a left-handed neutrino, v = 174GeV is the VEV of neutral
Higgs and we took tanβ = 10. Hence
nL
nAD
∼ α δ
(
mθ
mLHu
)
= 10−4
( α
0.1
)( δ
0.1
)( mθ
2GeV
)(200GeV
mLHu
)
(5.31)
and
nB
s
∼ 2× 10−10
(
nL/nAD
10−4
)(
mLHu/mZ
20
)( |ℓ0|/Z0
10−3
)2(
TZ
1GeV
)(
10GeV
mZ
)
(5.32)
Therefore, the obtained baryon asymmetry may match the observation within the
uncertainties of involved parameters.
5.4 Dark matter
The dark matter candidates in our scenario are QCD-axion and the LSP which is
flatino, the fermionic superpartner of Z, whose mass is expected to be O(10)GeV.
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For vPQ ∼ 1010−1011GeV as the PQ-scale in our scenario, the relic density of QCD-
axion is subdominant. On the other hand, abundant flatinos can be produced in
the decays of the next-lightest-supersymmetric particle (NLSP) denoted as χ which
might be neutralino. For the parameter set giving a right amount of baryon asym-
metry, if kinematically allowed, the decay of Z produces too much flatinos, hence it
should be forbidden [14] and it is the case since ma˜Z ≈ mZ is expected. However,
production from decays of NLSP can provide a right amount of flatinos to match
observation. The decay rate of the (neutralino) NLSP to flatino is given by
Γχ ≃ 1
8π
γχ
m3χ
Z20
(5.33)
with γχ = O(1). The present abundance of axino dark matter for TZ ≪ Tχ ≡ mχ/10
is then [14]
Ωa˜h
2 ∼ 0.08 γχ
(
103g
3/2
∗ (TZ)
g3∗(Tχ)
)( mχ
102GeV
)( ma˜
1GeV
)(109GeV
Z0
)2(
102 TZ
mχ
)7
(5.34)
We find that for mχ ∼ 200GeV, ma˜ ∼ mZ ∼ 5GeV, Z0 = O(109)GeV with TZ =
O(1)GeV can match the observed dark matter relic density, Ωa˜h2 ≃ 0.11.
The abundance of moduli, baryon number asymmetry and relic density of dark
matter depend crucially and commonly on mZ and Z0, hence in Fig. 4 we show
contours corresponding to the observed baryon number asymmetry (red) and dark
matter (blue) with the bound on moduli abundance (the boundary of the colored re-
gion) in (mZ , Z0) plane formX = 400GeV. In the figure, the light blue colored region
is excluded due to moduli over-production. As shown in the figure, right amounts
of baryon number asymmetry and dark matter can be obtained simultaneously for
mφb . 0.1GeV.
6 Conclusion
In this paper, we examined the cosmological moduli problem in large volume scenario
in which the overall volume modulus τb is stabilized at a value of O(104) to generate
the GUT to the Planck scale ratio MGUT/MP ∼ 1/τ 1/2b ∼ 10−2.
We found that if the primordial inflaton decay rate ΓI & mτb , single thermal
inflation can solve the cosmological moduli problem only for a limited range of mτb .
Particularly, the mass range mτb = O(10−2− 1)GeV is viable only if the decay tem-
perature of flaton for thermal inflation is about few MeV, for which baryogenesis is
difficult to be implemented. On the other hand, if primordial inflatons decay just
before thermal inflation begins, the whole relevant modulus mass range in consider-
ation, i.e. mτb = O(10−2 − 105) GeV, can be viable with single thermal inflation,
while allowing a successful late-time Affleck-Dine leptogenesis.
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Figure 4. Contours corresponding to the observed baryon number asymmetry (red) and
dark matter (blue) as functions of mZ and Z0 for mφb = 0.08GeV, mχ = 150GeV and
nL/nAD = 10
−4, mLHu = 200GeV, ℓ0 = 10
6GeV, g∗(TZ) = g∗(Tχ) = 100 with all the
other parameters being the same as Fig. 3. The light blue colored region is excluded due to
moduli over-production. In the region above the red/blue line, baryon number asymmetry
and dark matter at present are smaller than observed ones.
Since such a late decay of primordial inflatons is not typical, and may not be
realized in nature, we examined an alternative possibility, double thermal inflation
as a complete solution of the cosmological moduli problem in large volume scenario.
Considering a concrete example, we showed that double thermal inflation can be
realized in large volume scenario in a natural manner, and the cosmological problem
of the light volume modulus can be solved for the whole relevant mass range. We also
showed that late-time Affleck-Dine leptogenesis can work after the second thermal
inflation, and flatino LSPs with a mass of few GeV, which are produced through the
decays of the visible sector NLSP (e.g. neutralino), can provide a right amount of
dark matter at present.
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